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772% on the next day. The order of the two experimental conditions, which 
}. were separated by two weeks, wag counterbalanced, Polyhypnographic 
recordings were carried out during the 7-min "in bed" periods, and psycho- 

motor testing (one and two-handed reaction time tasks) was conducted in 

the middle ef the 13-min wake periods. 


In agreement with cur previous studies, there were small and nonsignif- 
_ icant differences between the awounts of sleep in each condition. Subjects 
Slept SI of the time in the attempting sleep condition and 48% of the tine 
La -the resisting sleep condition. The structure of sleepiness also 
agrzes with our previous results, There were two sleepiness peaks: a 
midaftexnoon peak, and a major nocturnal peak, and two "forbidden" zones 
i for sleep at approximately 11G0h, and between 1900 and 2100b. The results. 
i“ of ae sleep data are described in great detail in Appendix 1. 


* Significant cixcadian effects were found for the two components of the 
psychomotor perfomance: reaction time and movement time. : The difficulty 
devel of rhe task only siguificantly affected movement tine, in both 
experimental conditions. The experimental condition (attempting vs. resist- 
ing sleep) had @ rignificant effect on the speed of reaction time und on the 
Stabllity of wovement time, For all deveis of tasks’ difficulty, performance 
was poorer in the the resisting sleep condition. There was no interaction 
however between the level of difficulty and the circadian variations. 

4, 

“* In spite of the great similarity between the circadian variations in 
Sleepiness and the circadian variations in performance, corzelating these 
two variables for 12h blocks revealed randcm and nonsignificant correlations. 
This negates a causal relationship between the amount of sleepiness and 
performance, and suggests that both are modulated by a commen underlying 
circadian oscillator. loo ey ba? 
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i. Introduction 
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i.f Fast and Slow Ultradian Rhythms 


Spontaneous fluctuations in vigilance levels have been 
the subject of intensive experimental effort. Most studies 
have agreed that there are at least two types of fluctuations 
in vigilancer circadian rhythms in the order of 24h, and 
ultradian rhythms in the order of 1.5h and 4-Sh. Studies 
conducted in our laboratory in recent years have investigated 
ultradian rhythms in vigilance and their interaction with the 
slower ultradian rhythms. 

Lavie and Scherson (1961) postulated that ultradian 
rhythms, if present, should be reflected in subjects’ ability 
to fall asleep at different times during the day. ihey 
inatructed subjects to close their eyes and to fall asleep 
during &S min periods of darkness at 20 min intervals for 12 


hours. Gleep and wakefulness were defined 


electroencephalographically. Significant 1 i/2h ultradian ae 
rhythms is sleep stage 1 were evident. As one might expect, 
ability toa fall -as! leep was also modulated by the citcadian 
rhythmicity, with increased wake time toward the evening 
hows, and increased sleepiness eround midafternoon. 
Consequently, the 1.5h ultradian veriations in alertness 


levels were much mere prominent dering the morning. 


Ihe rhythmic occurrence of maps during the day was also 


observed in patients suffering from patholoyic samnolence. a 
‘oa 
+ 
In a recent study, Volk et al. ¢€1984) investigated the oa 
” 
‘a. 
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temporal structure of the diurnal sleep attacks in 
narcoleptic patients. These patients auffer from 
uncantrollable naps during the day, sometimes in combination 
with an inability to control their muscies.. For some 


narcoleptics, napping occurred cyclically, with a periodicity 


OT EE eS CL os 


Re of about 1 i/2h. 

: : Lavie and Zomer(1983) investigated the relationship 

7 i 

i between daytime rhythms in the ability to fali asleep and the 
4 r. 3 sleep REM-NONKEM cycles. They awakened subjects from either 
‘4 veg REM or NONRE!M periods and instructed them, as in the study by 


Lavie and Scherson (1981) to attempt to fall asleep during 5- 
min periods of darkness at 15-min intervals for 8 hours. 
| Similar experiments were also carried out without prior sleep 
between 1600 and 2400. The results of this study showed that 
the ultradian variations in the ability to fall asleep during 
the day show twa different ultradian components: A 1.5h 
ultradian component which was found only in the morning 
experiments and appeared to be synchronized, albeit weakly, 
with the KEM-NUNREM cycle, and a second morning component of 
about S i/veh. there were no significant ultradian components 
during the af terhooon-evening esrov iments, 

Evidence for the existence of a second ultradian 
component in sleepiness that is slower than lo 1/2h was 
provided by other studies as well. In the second part of the 
etudy by Lavie and Scherson (19601) mentioned previously, the 
effects of sleep deprivation on the ability of subjects to 

; fali asleep at different times of the day was investigated. 


Under these conditions, the £ iv72hk ultradian rhythmicity was 
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modified toward a mich slower rhythmicity of about & 1/2-4h. 
jhese appeared synchronized across subjects. It should be 
mentioned that the subjects in the study by Lavie and Zomer 
(1985) were alao partially sleep-deprived because of the 
early REM and NONREM awakenings which could acenunt for the 
slow ultredian component detected in that study. two studies 
that investigated gleep-wake cycles under the conditions of 
prolonged continuous bedrest also provided evidence for the 
existence of slow ultradian cyclicity in alertness (Nakagava, 
1980, Campbell, 1964). In both studies a sleep-wake cycle of 
about 3-4h was evident although its statistical reliability 
had not been determined. 

Gertz and Lavie (1983) investigated the possible 
existence of ultradian rhythma in electroencephaiographic 
alertnerss in yet a different way. They recorded 5-min 
electroerencephalographic activity from 11 subiects at 10-min 
intervals for 7 1/72h, under baseline and biofeedback 
conditions. In the latter conditions subiects attempted ta 
either raise or lower the frequency of their EEG with the aid 
of biofeedback. Both in the baseline and in the feedback 
conditions there were ultradian rhythms of 7.2 e/d-14.4 c/d 
{corresponding to periodicitries of about 100 minseyele? in 
the mean frequency of the EEG and in the integrated amplitude 
of the EEG. The biofeedback task had Little effect upon the 
ultradian rinythms with respect to baseline. 

Ukawa, Matousek and Feterson (19604) investigated the 
occurrence of spontaneous fluctuations in vigilance, measured 


by continuous electrographic recordinas in subjects who were 
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ancouraged to continue their normal daytime activities. 


Their resuits showed that vigilance fluctuations occurred 
ecyelically with periodicities within the wide range of 60 to 
110 min. the authors indicated, however, that the 
fluctuations were more rapid and oronouced during the first 
half of the day and there was evidence for even Longer 
periodicities in the data. As reported by others, the 
ultradian rhythms were unstable when within-subjects 
comparisons were made between experiments conducted several 
weeks apart. fihey concluded that the daytime ultradian 
rhythms may be explained by the simultaneous occurrence of 
several frequencies. 

Manseau and Mroughton (19694) also investiqated the 
oceurrence of ultradian chytns in electroencephal oar aphic 
activity of awake individuals during the habitual waking day. 
lhey recorded frantal and parietal EEGs every 15 min for a 
duration of 100 sec from etght adults for 8 hours. Spectral 
analysis showed the presence of siaqnificant 16 «/d 
(corresponding to periodicities of 72 to 1600 min/cycle) 
rhythms dn the total power of the EEG, of each hemiephere. 
The ultradian rhythms in electrocortical activity were 
synchronized between the two hemispheres. For individual EEU 
bandwidths, only the frontal theta showed a marked, though 
not statistically significant, ultradian rhytha at the 
expected 16 c/d frequency. In agreement with other studies, 
a substantial number of epectral peaks were at the slower 

frequency of 6 cfd, corresponding to periodicities center ed 


at.a Sh/cycle.- 
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1.2 Gates of Sleep 


The accumulated findings, coming from studies employing 
widely differant methodelogical approaches, indicate that 
there are short-term rhythmic variations in the level of 
alertness during the habitual waking day. Although 
admittedly these cycles are unstable, having large intra- and 
inter-subject variability, at certain portions of the 
habitual waking day they appear remarkably prominent. 

Furthermore, these special phases which I suggest to call 
"“qates", have important roles in the 24-h requlation of 
alertness and may have an affect on performance as well. this 
necessitates a revision of the prevailing views regarding the 
structure of the diurnal vigilance levels. 

It has generally been agreed in the literature that in 
subjects Living under normal sleep-wake schedules, cycles of 
arousal, synchronized with the cycles in body temperature, 
reach a peak during the second half of the day, and a nadir 
during the second halt of ce night. A more comple function 
is emerging fr om. our data. Figure ft deptchs a schematic 
representation of the 24h variations in the probability of a 
wake-sleep transition (F (bi-> SG) ). Ihe reason for 
representing the eleepiness rhythms as a vrubabi lity funetion 
js that ait provides a quantitative measitre of sleepiness 
which is conceptually easy to understand and practically 
convenient to vecasurce. Evidetrtally, the chanyes it 


sleepiness across the 24) are comprised of both cit cadian 
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and ultradian camponents. 


The ultradian rhythmicity which is superimposed on slow 


torre nt ares 


circadian trends reflects the periodic activation of sleep 
inducing mechanisms. Sleepiness “gates" occur more : 
frequently during the first half of the day, with periodicity 
Close to the sleep RErl-NREM cycles, than during the second 
half, when they are less frequent and less pronounced. The 
two most distinctive sleepiness gates are the midafternon and 
the neacturnal gates, which are about Bh apart (at about 1600 
- 2400h). It should also be noted that ultradian rhythms in 


sleepiness are superimposed on the nocturnal crest of 


sleepiness as well. 
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1.2 Effects on performance 


ee 


the concept of a sleepiness gate is rather news it 
implies that there are abrupt physiological changes in the 
readiness to sleep, rather than an exponential increase in 
sleepiness assumed by homeostatic sleep theories (baan et 
al. , 1984) The essumption that the nocturnal sleep gate is 
seuitched on as “an all or none" phenomenon raises the 
important question of how these gates affect human 
performance. Do the circadian rhythms in performance, which 
were extensively documented in recent years follow the course 
gf changes in alertness? ls the nocturnal sleep gate 
coinciding with a comparable "performance gate" or perhaps 
the association of alertness with performance is an indirect 
one, via a third underlying cit cadian facta. It is possible 
that while sleepiness iss gated as an "allo oo none" 
phenomenon, performance is modulated as a continuously 
chanding variable. Another question dis the behavioral 
CONSeQtuences of the midafternoon secondar y gate of sleep. 
Can we find a comparable dip dim per fotmance? Ihe Literature 
about midday variations dm performance is far from being 
decisive. A post hunch dip oth performance wag originally 
reported ty Hhabe (1971) bet others reported that the 
decrease dno performance is task dependent, aud dno sane tadks 


there is a midafter noon improvement of performante (olbhkard, 
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the purpear af the present study was to investigate the 
36h, @tructure of sleepiness and ite relationship with 
peychomator performance after 28h period of sleep 
deprivation. Vhe structure of sleepiness vas investigated 
under the conditions of instructing subjects to attempt to 


fall asleep, and then to attempt tor ist sleep. 


2.1 Subjects - Eight subjects aged 19 to 25 ‘mean age © 22.6 
+1.76) participated in this study. All were healthy and did 
net have any sleep related complaints. Subjects had two 
adaptation nights to the Laboratory and then participated in 
two 36h periods of ultrashort sleep-wake schedule, after 26h 


af sieep deprivation. 


periods subjects. come to the laboratory at 2500 after having 
a normal day without naps. bey spent the night awake din the 
laboratory under supervision until Llo0. A 1100 a schedule 
of either 7-min sleep attempt in bed, 13 min awake outside 
the bedroom, or 7 min resisting sheep attempt in bed, i353 min 
avake outaide the bedroom, was begun and maintained for 34h 
untad 2300 the tert day. The order of the two experimental 


conditions, which were separated by two weeks fram each 
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pther, was counterbalancecd across the eight subjects. Ags in 
} our previous experiments dLavie and Scherson, 1961: tavie and 
s Zomer, 90S; Lavie, in preas) polyhypnographic cecardings 

| vere performed during the 7-min "sleep and resisting sleep" 
attempts, and psycho-motor testing was carried out during the 
1l3-min scheduled awake times outside the bedroom (see later). 
Light snacks and soft drinks were provided every 2 hours 


throughout the experimencal period. 


2.3 Ferformance Heasurements — Although we planned to test 


our gubjects on a two-dimensional tracking task, because of 


various technical difficulties we decided to use the 


computer-controlled, one-handed and two-handed reaction time 
task, In this task, after a "go" signal, subject 
simultaneously initiate either one-handed or two-handed 
movements to targets of disparate or equal diffdculty and 


Gistanes. Figure 2 illustrates the experimental apparatus. 


Faugure 2: Schematic repregentatioan of the emperineotal 


apparatus. 
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t It consisted of a plexiglass base (745 cm long, 16 cm wide and 


2m thick), mounted on-ca standard table. Two contact 
switches, centered 0.5 cm apart served as the home keys. the 
four targets were positioned along the longitudinal center 
line of the basey two large targets (7 cm in diameter) at a 
distance of 22 cm from the home keys, and two small targets 
(3.5 cm in diameter) at a distance of 4 cm from the home 
keys. A single target was used in the one-handed conditions, 
and two targets were used in the two-handed conditions. 
: red light emitting diode served as the warning signal, and 
: similar diodes mounted above the targets served as the "go 
siqnal and desiqnated the targets. Stimuli presentation and 
data collection were controlled by a FDF 11/34 minicomputer. 
ihe subject's task was to move hia index finger from the 
i home keys to the target as fast, and ae accurately, as 
possible, after receiving the "go" signal above the 
appropriate target. The "go" signals were given ! sec after 
the warning signal. Five combinations were presented in each 
20 min sessions 1) right hand "near" target, 2) right hand 
"far" target, 3)" ‘two-handed “near" targets, 4) two-handed 
"far" targets, and 5) right hand “far” combined with left 
hand “near” targets. Each of the combinations was presented 
9 tines with an average intertrial interval of S&S sec. the 
order of presentations was randomized and two practice 


trials, which were mot docluded in the fiual analysis, were 


ty 

‘ preaented at the beginning of each session. {4 the subject 
i 

a miaged the tarqet, that trial was e@exciuded and another trial 
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was prezented by the computer. 
in each trial, both reaction times (the time fram the 
"ga" signal to the release of the home keys) and movement 


times (the time from the release of the home keys until 


EBS WR 


reaching the targnts) were registered by the computer. 

From the trials of each combination, mean reaction time 
and mean movement time were computed. Sluce there were two 
one-handed conditions and 3 two-handed conditions, there were 
8 separate means for each session. For the purpose of the 
present presentation, the results were grouped into three 
levels of diffdeculty. i) the mean of all the single-handed 
responses, 2) the mean of all the symetric two-handed 
responses, and 3) the mean of the asymmetric two-handed 
response. 

the reasons for selecting the coordinated reaction time 
task are as followwe 1) our previous atudies demonstrated 
that the performance of this task follows the course of the 
variations in sleepiness, 2) by using bath single handed arid 
symmetric and asymmetric two-handed responses, it enables 
manipulating the level af difficulty of the task and to 
examine the interaction of task difficulty with sleepiness, 
2) dividing the responses into reaction time and movement 
time, which represent different psychological perecesses allow 
the enamination of the ditferential effects of sleepiness an 


these types of processes. 
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because of extreme fatigue. 


Table J: Klean sleep stages per trial 


Six Ss completed the entire experimental protocol. 
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percentages of sleep stages 1, 2, 3-4 and REM for each of the 
subjects for the two experimental conditions. As in our 
previous experiments there were only marginal and 

| nonsignificant differences in the amounts of sieen between 
the "sleep" and “resisting sleep" conditions. Subjects slept 
O1.4% of the total time alincated for sleep in the "sleep" 
condition, as compared to 48% of the total time in the 


“resisting sleep” condition. Four subjects had more steep in 


‘ 


: tne "Sleep" cendition, while 4 subjects had more sleep in the 
4 

j “resisting sleep" candition., For more information on the 
structure of sleepiness see Appertrlix« 1. 

H 

3.2 Performance 

i 


2.2.1 Effects of Level of Difficulty 


é on 


oe 


Vable 2 presents the mean reaction times and mean 
movement times seperately for each of the eight different 
responses, and for the three levels of cifficulty (single- 
handed responser, symmetric two-handed cetponses and 
asymmetric two-handed responses) grouped together. 

AY repeated measures ANOVA (subjects x level of difficulty x 
blocks) was performed to determing if the level of 
d.fficulty bad a significant effect on per formance. For the 


purpose of this ANUVA.L trials were grouped imto 6 blocks, of 


 € 


G hows each, aor of 186 trials. 
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Table 21 Mean reaction times (RT) and movement times (MT), 


4 in msec, for the three levels of difficulty for the 6 
5 blocks of trials. 
i Resisting sleep 
Block single-handed symm. two-handed asymm, two-handed 
RT MT RT. MT RT MT 
i A4AZ.7 163.4 $56.0 184.35 446.6 219.9 
2 467.2 179.5 463.0 212.2 474.3 243.6 
3 $52.5 234.4 SSiL.4 276.2 563.9 307.2 
4 S53.1 224.3 540.5 266.9 555.6 309.2 
5 §20.2 208.9 505.6 245.6 522.9 206.3 
6 494.3 209.8 4AF4.9 255.2 507.6 293.0 
Attempting sleep 
RT MT RT MT RT MT 
i 451.2 164.1 445.9 194.0 461.4 2345.9 
2 452.9 175.6 441.4 206.0 462.2 256.4 
3 S35.9 225.7 326.° 273.5 534.1 312.7 
‘ 4 527.7 215.3 522.9 263.8 S29.0 304.9 
5 488.2 1978.°5 (430.9 251.2 496.8 298.5 
& 450.6 199.4 447.9 2297.6 463.5 207.9 
Reaction time - =o both attempting sleep ard resisting 


sheep conditions, the ANOVA revealed significant main effects 
ot subjects and blocks ( for both, p «= .0001), but there was 
netther a significant effect of diffirulty level, nor a 
significant imteraction of difficulty level »x Blocks. Fig. & 
and 9 present the mean reaction times for each of the & 


blocks for the two experimental conditions. 
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Faq. 3: tean reaction times for each of the 
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Fog. 4: Mean reaction times for each of the 6& blocks tor the 
; three levels of dif¢fical ty (1 - single handed , 


Ssymneti ie two-handed) % asymmetric two banded) for 
the attempting sleep condition. 
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Ihe circadian effect is very clear. Fost hoc Duncan's 
multiple range tests organized the & blocks in the resisting 
sleep condition into 4 groups: Group ft included the first 
block, Group 2 - the second block, group 3 - the fifth and 
the sixth blocks and Group 4 - the thitd and the fourth 
blocks. . 

the organization of groups in the attempting sleep condition 
was slightly different. Group i included the first, second 
and sixth blocks, Group 2 - #ifth block, and group 3 - the 
third and feurth blocks. Thus, unlike the resisting sleep 
comdition in which subjects level of performance during the 
last 6 hours was significantly lower than during the first 12 
hours, the last 6 hours level of performance in the 
attempting sleep condition was not siqnificantly different 
from the level of the first £2 hours. This indicates a 
stronger circadian effect in the attempting sieep canditian, 


or a lesser sleep deprivation effect. 


Movement time ~ Unlike the nonsignificant effect of the level 
of difficulty on reaction time there was a significant effect 
of difficulty level on movement time, in both experimental 
conditions. in addition, there were significant main effects 
of subsgects and blocks (for alk p « .0GQO]). Fost hoc 
Duncan's tests revealed significant differences between each 
pair of difficulty levels, for both experimental comditions. 
Hovement times of the two-handed asymmetric responses were 
sigqniticantly lorwger than the two-handed symmetric responses 


and the single-handed responses. The twochanded symmetric 
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responses were sianificantiy longer than the single-handed 


74 i i av » time data. 
responses. Figs 5 and 6 display the movement time de 
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Fig. Gr Mean movement times for each of the © blocks wf 
: trials tor the three levels of difficulty 1 
: single-handed, & asymmetric two lranded, 


asyometric two-handed) for the resisting sleep 
eoandi tion. 
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These Figures clearly demonstrate the lack of interaction 
between level of difficulty and blocks. Vhe second and third 
levels of difficulty caused a constant increase in movement 
time above the single-handed performance level, which 
remained the same across the entire 36-h experimental periad. 
The 6 blocks were organized by the Duncan’s tests ina 
similar eay to the vslocks organization for the reaction time 
data in the resisting sleep condition. Group if included the 
first and second blocks, group 2 - fifth and sixth and group 


2 - the third and fourth blocks. 


per formance 


Since the level of difficulty had a significant effect 
on mavement time, the possible effect of the experiment al 
condition ("resisting” vs. "attempting" sleep condition) was 


assessed for each lbovel of difficulty, separately. 


Keaction Lime - AQ repeated meastires ANOVA Csubjects oo block 
sleep condition) 7 evealed significant main effects of 
GSubbiects, Hlocks and Experimental condition, for each one af 
the three bevels of difficulty. fn pach level, resisting 
Sleep per formance was worse than attempting sleep 

per formance. The significance levels eerer poo alo? for the 
Single handed tesponsesg pos 2.409 for the aymmetr de theo - 
Handed responses; and po. 204 for the mioced responce 
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Movement Time - None of the corresponding ANOVAS for movement 
: time yielded significant F ratios. Thus, although there were 
| no significant differences between the amount of total sleep 
§ 
| obtained in each of the experimental conditions, instructing 
subjects to resist sleep resuited in poorer reaction times, 


but did not affect movement times. 
3.4 Ferformance stability 


Visual observation of the data revealed that in spite 
of the Lack of significant differences between movement times 
in the two experimental conditions, there was a large 
difference in the stability of performance. This was 
confirmed by statistical analysis. ANOVAS performed on the 
standard deviations (calculated over all 18 trials in each 
block) revealed significant between-conditions differences 
only for the movement time data. For two of the three 
difficuity levels, the standard deviations in the resisting 
sleep condition were significantly larger than in the 
attempting sleep condition. the wignificance levels were 
p< .03 for the single-handed responses, and p ¢ .U4 for the 
symmetric two-handed « esponses. Therefore, although there 
were no significant between-conditions differences for 
movement time, performance in the resisting sleep condition 
Wad significantly lens stable than in the attempting agleep 


condition. 


AS EU mr 


" > "Gates" of Sleep and "Gates" of Fertormance 
F 


To determine the possibie effects of the sleep gates on 


performance levels, we correlated the timing of the nocturnal 


“sleep gate" with the timing of the "switchover" in 
performance from below to above the 26-f mean. 
“sleep gate" was defined in the following wayt the first 
resisting or attempting sleep trial after 1900 with at least 
Sun sleep which was followed by at Least S aut of 6 trials 
meeting tle same criterion. A "switchover" in performance was 
defined as the first trial ir which performance changed trom 
below to above the S6-h mean followed by at least 8 aut of 10 


trials in the same direction. Since only 6 Ss completed both 
conditions, to increase the number of subjects, the data of 4 
Ss who participated in a similar experiment from O700 until 
O70 the next day, were alco included. 

Fig.7 presents the scatter diagram for the sleep gates 
and the performance switchover for the two experimental 
conditions, for the movement time and for the reaction time 
data. Tt can be clearly seen from the figures that there was 

; a strong Linear relatsonship between the two events. 
Cub jects with delayed sleep gates, also had delayed 
Switchovers in performance. The Fearson product moment 
correlations between the timings of the sleep gate and the 
switchovers in performance were all thiahly significant Cat 
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Fie. 7: Scatter diagrams for the sleep gate and tne performance switch-over 
ee and Resisting Sleep (RS) conditions, 
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times for the Attempting Sleep 
for Movement Time (MT) ond Reaction Time (RT) data. 
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4. Discussion 


The design of the present atudy required subjects to 
repetitively perform a paychomotor task for an extended 
period of time, after a 24-h period of sieep deprivation, 
while obtaining only partial amounts of sicep. in spite of 
the accumulated sleep loss, performance did not progressively 
deteriorate but instead showed a marked circadian 
madulation. the appearance of the circadian modulation was 
evident in both experimental conditions of attempting sleep 
and resisting sleep, and in beth aspects of performance, 
reaction time and movement time. 

Reaction time and movement time reflect two different 
cognitive processes. Reaction time, the time elapsing from 
the warning signal until releasing the home keys, reflects 
selective attention processes. It was assumed to be 
independent of taek difficultv level (Kelso, 1979). 
Movement- time, the time from releasing the home keys untiél 
hitting the targets, reflects the retrieval and execution of 
specific metor programs eceuwary to perform the specific 
movement. Movement time most prebably involve short term 
memory processes, and was shown to be affected by task 
difficulty. 

The assumption that reaction Lime and movement time are 
differertially Linked to variables related to task difficulty 
is clesariy supported by the present results. Analysis of 
variance revealed that movement time was aignificantly 


affected by task ai ’ticulty. The times to execute the ten 
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handed asymmetric responses were sianificantly longer than 
the execution times of the single-handed responses and the 
symmetric two-handed responses. Also, the execution times of 
the symmetric twe handed responses were longer than that of 
the single-handed responses. In contrast, task difficulty 
level had no discernible effect on reaction time. 

Based on previous results of the effects of sleep 
deprivation and circadian rhythmicity on performance, arn 
interaction between task difficulty end circadian effects was 
expected. Johnsan(l982) predicted that a difficult tag, 
which involved memory-related processes, would suffer more 
from sleep deprivation than simpler tasks. the present data 
do not support this assumption. There was no signifirant 
interaction between kagsk difficulty ana hour of testing. 

This was clearly evident from Fig. S and 6. The variations in 
movement time in each Sevel of difficulty paralieied each 
other with no evidence for a larger modulation of the most 
difficult task im comparison with the most simple task. Thus, 
it appeared that at least with respect to psychomotor tasks 
which involve a retrieval of preprogrammed motor schemes, the 
widely held view that simple tasks suffer less from sleep 
deprivation than difficult tasks should be reconsidered. 

The close similarity between the the variations in total 
sleep and the variations jn performance suggested a causal 
relationship vetween the two variables. Ihis was also 
supported by the tendency toward an overall significant 
positive correlations between totel sleep and per formance. 


However, the suggeation that the aimilarity between the 
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amounts of total sleep and performance indicates a direct 
dependence of performance pa sleep should be rejected. 
Removing the circedian effect by calculeting the sileep~° 
performance correlations for Il2-h periods, yielded few 
significant correletions, aeavie 46a the k2-h night period 
(23-1100). This lesds to the conclusion that at least during 
the day period there wae no relationship between sleep 
propensity end performance, which was independent of the | 
circadian ef vets. It sicneute: instead, that both the 
amount of sleep and the level of performance have their own 
independent oscillators, which are synchrenized by the sare 
circadian zeitgebers. The persistent correlation during the 
night period might reflect a common Linear trend of 
increaeing amounts of sleep and progressively deteriorating 
performance. 

The suggestion that the circadian cycles din 
performance are ingenendent of the ciracdian cycle in 
sleepiness was also made by Wever (1962). He shoved that 
under light-dark conditions the circadian vhythms in wleep- 
wake and performance could be separated from each other. 

The tewporel correlation between the sleep gate and the 
performance gate was rather remarkable. Both performance 
components, reaction time and movement times switched fF om 
below to above the mean in close proximity to the torividual 
sleep gate. This synchronicity may be explained in several 
Ways. First, it could stuqgest a manking effect of the steep 
gate on performance. That fiw, albthoaougi there saw no overall 
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ry 


vot 


= Te Cd Nt MS aL at Oe Pe ne © 
Seattle tai fi whats 


EE EE EE EA IE WE PEL SELON STG ECL A TE WE ET ET OY OT SOTA, ES FY AN SE «TU AGM TNS Crete Se me ee ee 


“9 


that in performance, there was an immediate effect of apening 


the sleep gate on performance. The fact, however, that In 
some cases the switchover in performance actually preceded 
the sleep gate, makea this explanation unlikely. Second, it 
is possible that both circadian cycles obeyed the same 
enviornmenta!l zeitgebers (time givers), such as changes in 
light-dark cycie, feeding times, etc. This explanation can 
also be rejected. Although the enviornmental conditions were 
caumnon to all subjects, gach had his own preferred sleep gate 
which was stable over a two week period. If indeed the 
changes in sleepiness and performance were induced 
nagenously, then a more uniform timing was expected. thus, 
we remain with the third possibility that both variables were 
entrained ta the same undertying factor, whith may be’ called 
a circadian rhythm in arousability. it should be emphasized. 
once more that the postulated underlying circadian cycle tn | 
arousabibity should mot be equated with thecitrecadian cycle in 
sleepiness measured dio the present study. Ihe Latter can be 
Sean aS a cycle of sleep propensity reflecting the 
probability at making a wake to sieep transition (see Fiq. 1! 
im Tetroduction 

The Lack of a siqnificant correlation between the amount 
Gi gs.orep and performance during the first te-hr tndicates 
that the secondary mid-afternoon sleep gate does not have any 
betravior al canmgequences. Lt also precludes the possibility 
that the madir ain sbeepiness occurring just before the sleep 
qate wae aceacbkhebed with any taprevemont dn performance. 


fhiss dissmctatian between the stirectiare of sleepinesse and 
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performance during the first 12 hr indicates that although 
both variables were entrained by the same underlying 
circadian factor, the control mechanism of sleepiness ig much 
nore complex than that of performance. Thus, in conditions 
of sustained operation under a prolonged sleep deprivation 
condition, untess subjects actually fall asleep during the 
midafternoon period, no decrement in perceptual-motor 
performance should be anticipated. 

the emerging differences between the effects of the two 
experimental conditions of attempting to fall asleep and 
attempting to resist sleep on performance are interesting and 
important. Although subjects obtained exactly the same 
amounts of sleep in the tuo experimental conditions, the 
specific instructions had differential effects on 
performance. Subjects performed significantly worse under binge 
resisting sleep condition. Reaction times were significantly 
Slower and movements time were significantly less stabie. 
Ihese results indicate tro things. First, abthough 
unsuccessfully so, subjects indeed invested an effort in 
order to ramain awakes second, the invested ef fort came on 
the account of performance level. Thus, under the same sleep 
deprivation conditions operators attitude toward sleep i.e., 
avoiding sleep as much as possible, or getting some sleep 
whenever possible, miaqht have a protound effect on the 
operator proficiency level. 

Another point of interest is the differential effects of 
the e@spertmental conditions on the two behavioral components 


which comprised the total response. While attempting to 
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resist sleep actually decreased the level of reaction time 
performance, it only affected the stability of movement time. 
this fact and the fact that only movement time was affected 
by the task difficulty level support the previous assumption 
that each relys on different cognitive processes which are 
differentially affected by subjects attempt to resist sleep. 
As previously mentioned, reaction time reflects processess 
involving selective attention while movement time involves 
short term memory and activation of preprogrammed motar 
schemes. It is possible that when resisting sleep subjects 
consciously, oF unconciously, searched for subjective sleep 
sensations and sleep related signs which could enable them to 
anticipale impeding sleep. this constant search tor sleep 
indicators was particularly intensive when subjects were in 
bed attempting to resist sleep. Most probably, however, this 
searching activity cantinued outside the bedroom during Sie 
L3-min waking periods. Thus, it can be suggested that the 
allacation of attention to gearch for sleep signs itnterteres 
with ether attention demanding tasks. Since movement time did 
nat depend on attention level it was mot affected. 

Thee destabilization of movement time by the attempts to 
resist sleep can be explained in the following way. OGnee the 
home keys were released the speed of the movement was 
dependent upon two factors: first, retrieving the specific 
motor scheme from memory storaqes, and second, its proper 
activation. Both types of operationa are automatic end are 
telatively independent of attention Jevel. hus, the 


instability in movement time can be seen as occasional 
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failurs either to retrieve the specific motor scheme or a 
failure to activate it. Such a failure could occur, for 
instance, if a "sleep sign" was detected concomitantly with 
the motor scheme activation. This suggestion is further 
supported by the fact that the mest significant effect was 
not found for the most difficult response level of the 
asymmetric response combination, but for the easier single- 


handed and the two-handed symmetric responses. 
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5. Appendix te "GATES" AND “FORBIDDEN ZONES" FOR SLEEF 
5.1 Introduction 


Insight inco the laws that gevern the timing of sleep 
and waking has been mostly obtained in environments free of 
time cues. Isolating humans from all geophysical zeitgebers 
releases the endogenous sleep-wake cycle from its periodic 
environmental constraints. In such conditions sleep and 
waking coutinue to replace each other periodically with 
period lengths longer than 24 hrs (for an extensive review 
see Wever i979). In most of these studies, naps, ar short 
sleep episodes other than the major nocturnal slerp 
episodes, were pither not allowed, or were eliminated fram 
the data before final analysis. Implicitly at least, the : 
waking phase of the 24 h sleep- wake cycle has been 
considered to be homogenous with respect to the level of 
arougsability. 

This thighly idealized assumption ae refuted, hovever, 
in studies investigating daytime alertness tevels using 
continuous recording techniques, or fast sampling rates. 
Ihese provided evidence that the level of alertness during 
the waking portion of the 24 h sleep-wake cycle varies in a 
cyelic manner with periodicities centered at about 1.4 hh 
(hripke P72; Lavie 1979, Lavie and Scherson, iVGly Yer be 
and Lavie, 1983; Lavie and Zomer, 1984, Mansead aid Broughton, 
AStvby. Such a daytime cyclicity was previously hypothesised 


by Rielitman (1963) tae be a part of an ongoing Soh cycticity 
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(ihe Basic Rest~-Activity Cycle hypothesia). In addition to 
the evidence for the existence of 1.5-h cyclic variations in 
alertness, there is a comvincing evidence af a midafternoon 
dip in alertness which is unrelated to lunch time and 
represents an endogenous diurnal nadir in alertness (Webb and 
Agnew 19775 Carskadon and Dement 1979; Lavie and Scherson 
1981). Broughton (1975) suggested that this hypoarcusal 
period might be a part of a t2-h cycle. 

In recent years we have utilized an ultrashort sleep- 
wake schedule to trace the course of the daytime variations 
in sleepiness (Lavie and Scherson 19813; Lavie anc Zomer 
IGB3). These studies confirmed the existence of 1.8 
ultradian rhythms in sleepability and indicated that the 
cycle has more than a single frequency. Furthermore, sleep 
deprivation appeared to madi fy the diurnal structure of i 
Slerpiness toward slower frequencies. 

In the present series of thres experiments an 
ultrashort sleep-wake paradigm was employed to study the 
structure of sleepiness during the entire 24-h period, and ta 
study the effects of oak esi gabon on this structure. In 
addition, the effects of contrasting experimental demands 
Instrecting subjects to attempt to fall asleep and 
instructing subiects to attempt to resist sleep, were 
investigated. the reason for investigating sieepiness under 
both experimental conditions was to determine if the tempar al 
structure of the ability to fall asleep is different from the 


temporal strueture of the abslity to resist sleep. © similar 


Struccere would support the interpretation that the 24 h 


+ ma gmc, 


eee tac ee 


Cy Re geese 


eae ae 


PSR RINT EE ES NE EE SEB ME AE A TSR AEE RAE SRN SN SS A Ver pr eect ee es ee eee ns 


35 


variations in sleepiness are regulated by an active 
modulation of underlying hypnogenic structures. On the other 
hand, different temporal structures would weaken this 
interpretation and would suggest instead the possible 
influence of factors related to subjects acquired sleep wake~ 
habits. The present paper describes the basic structure of 
sleepability and wakeability under these experimental 


conditions in three different experiments. 


S.2 EXPER UVENTAL PROCEDURE - NETHOD & DESIGN 


Six healthy young adults, aged 22 to 26 yrs old, with no 
complaints about sleep, were paid to participate. Each Re fa 
anight in the sleep laboratory from 23G0 to V700 for 
habituation. During that night electrodes were taped in 
place, bat no recerdings were performed. During the 
experimental perioda, SeieneE came to the Laboratory at 
MeO, after having a normal day without maps. They were 
fitted with electrodes to record EEG, EUG, and EMU. At 19, 
they began a schedule of ?-min Sleep, L3-min awake, for 24 
hire. Every 20 min they were instructed to lie in bed in a 
darkened sound attenuated bedi oom, and attempt to fall asleep 
(Mtbempting sleep condition — as). biectrophysiotloqital 


recordings were carried out curing the - min sleep atteinpts 


to determine the sleep stages. at the end of each / min 
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trial, whether asleep or awake, subjects were requested to 
leave the bedroom. At the middle of the 14-min scheduled wake 


periods, they were tested on one-handed aid two-handed 


coordinated reaction time tasks. Results of the behavioral 
testing will be reported in a separate publication. 
Approximately equal size meals of light snacks and soft 


drinks were available every two hours throughout the 24-h 


experimental regimen. 


the second part of the experiment which investiqated 


the temporal structure of subjects ability to resist sleep 


(Resisting sleep condition - RS), was conducted about 2 weeks 


later. As in the first part, subjects came to the laboratory 


at 1800, were fitted with electrodes, and at 1900 began an 


ultradian schedule of 7-mith avake in bed with eyes closed, 


is-man awake outside the bedroom, for 24 hrs. the specific - 
instructions to the subjects were to lie tn bed with eyes 


closed, and try and resist sleep far 7-min 


ElLectrophystologtical recordings were performed during the 7 


min RG trials as before. Here, aisu, at the end of the 7-min 


trials whether asleep or avake sttoderts were taken outside 
9 , 


the bedroom and were tested on the same tasks. 


The order of experiments was counterbalanced acr ous 


subiects. lo motivale subjects to cumfarm to the experimental 


ra 


demands, extra monetary bonuses were paid to the best 5 


Performing subjeets in each condition. 
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5.2.2 Experiment 2 


The second experiment investigated the effects of 


sleep deprivation on the 24-h structure of the ability to 


fall asleep and on the ability to resist sleep. Eight healthy 


ale subjects, aged 23 to 26 yrs, were paid to participate. 


had 


~<—omee: 


None had any complaints related to sleep and all 


experienced sleep deprivation previously. Each spent a 


habitual night as in Experiment 1. During the experimental 


periods subjects came to the laboratory at BS00, after having 


a normal day without naps. ihey spent the night in the 


laboratory, awake, under close supervision of an 


Dt aiehcieilinte ath ati deee oe 


mperimenter. At O700, they began a 7-min sleep, Li-min wake 


b 
b 
schedule, as in Experiment 2, for 29 hes until O700 the nent 
i day. Iwo weeks after the first part, they completed the 
; 
f second part of RS candition. the order of experimental 
i 
ee ; conditions was counter - balanced across subjects. 
* a 
; . 
mH ' 
aa , 
ek e 
ae : eve J bperiment 3 
as a : ’ 
AY. ci : The pu pose of Experiment 2 was to determine if 
™ 
a : - 
a a ‘ extending the sleep deprivation period by + hre, until floo, 
2: and extending the wubtrashort sleep-wake period by deo ohrs, 
<S 
ee 3 
°, would affect the temporal structure of a ertnessa. Fight 
i. 
” subjects aqed 22 toa 26 yrs were paid to participate. None had 
. any Compdadutsa retated to stemp and ath bad experienced sierp 
: deprivation previously. Each spent oa babituel niaht as in 
a teperdiments fo oand 2, and two experimentab periods. bur dag the 
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sperimental yveriods sublects came to the laboratory ak 2200 
after having a normal day without maps. They spent the night 
in the laboratory awake under the close supervision of an 
experimenter. At 1100 they began a 7-min sleep, l3-min ewake 
schedule as in Experiments 1 and 2, for 36 hrs until 2300 on 
the next day. Two weeks after the first part they completed 
the second part of the RS condition. The order of 


pxperimental conditions was counterbalanced across subjects. 
5.2.4 Data analysis 


As an our previous studies (Lavie and Schersem 19614 


Lavie and Zomer 1964), each of the 7-min trials waa scored 


for sleep stages 1, 2, 3-4 and REN, according tea 


Rachtschaffen and Kales (1968). ; 
f.5 hesulls 

* 

J Sel. Sleep stages 


lables i-J1T present the mean amounts of sleep stages 1, 
2, 2-4 and Rall per trial for each subtect in the two parts of 
the tinee experiments. There were no significant dif ferences 
between the KGS and AS conditions for any of the stages. 
Fiuthermore, in experiments 2 and 3S ahich iouvolved sleep 


deprivation, total sreep was slightly btgher dm the RS than 


in the ASG condition, F.e) vs 2.7 min Jn enperiment &, and 
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3.54 vs 3.46 min in experiment 3. Benerally, in all three 

experiments total sleep was mostly comprised of sleep stage 

and sleep staye 2. The amount of stage 1 was remartably 

stable across the three experiments and the two experimental 
t 


conditions, overall mean was 1.0 4.3 min. In contrast, there 


was a large between-esubjects variability in the frequency and 


amounts of sleep stages 3-4 and REN. Each of these stages 


Fe KD 


! 
| 

} accounted for less than a ~ean of 15 sec per trial. 

| 3 could be exnected there were significant groups 
differences an the amount of total sleep. In both conditions, 
1 wore slerp wat obtained in experiments 2 and 3 which tuvol ved 
| sleep deprivation, than in Experiment 1 which began at Fao 

f after a normal day. The highest amount of sleep was obtained 
in Experiment 2 im the RS condition (mean = 4.01 + 69 min). 
Ihe same group slept a mean of S.7 4+ 6.47 min per trial in the 
AS caundition. the Least amount of sleep was obtained by 


subjects of group t, 3.02 +4 2.98 min in the KS condition, and 


’ 
:) 3.26 # Pol min in the AS condition. 
g 
% Analysia of variance confiraed the existence of 
t : ee . . 
‘ significance between-group differences in the amount of total 


Bleep. since each of the experiments was conducted for a 
different length of time, and during a different cis cadian 
Phase, the ANUYA was performed for the time period Lig tea 
GOO, which was common ta abl groups. 6 analysis of variance 
for a Bon von 9 mined design with two repeated measures was 
Computed fur total sleep pe how Cive., the mean of totel 
Bleepw jm three consecutive trials). ihe tactors wore 


exper gmental group, experimental condition anc hours 
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saperdmental condition (AS or RE) and hour of day bein, 

repeated measures. There eee Bignificant main effects of 

hour (F=2.83, df=7,23 pxt.G07) and group €Fe8.69,) dfo2i,ss 

& pe.007), and a siaqnificank interaction of groupxhour (Fe2. 223 
dfei4,33 pe.0gn7). vhe siqnificant interaction is explained by 

) the fact that at 1109 the three experimental groups were 

“4 ’ sleep deprived to different degrees, and therefore showed 


different time-related trends in sleepiness. 


: | In spite of the significant differences in the amount of 

f tokal sleep, the three groups had a remarkably simitar 
temporal structure of sleepiness. Fig 1-7 present the mean 

f sleep histograms for the AS and fer the RS conditions, tor 
the three experiments. In each, there was a major nocturnal 


sleep episode consisting of 20 to 25 consecutive trials with 

a sleep latency (to the first 20 sec of sleep stage 2) of no 

more than €.5 min, and a secondary midafternoan sleepiness 

: peak ak around 1600, these were evident in both experimental 

4 conditions. in @yperiments 2 and 3, there was a nadir in 

y ; sleepiness at around 2000 to 2200, under bath AS and RS 
conditions. Subjects of group 2, who began the ultrashort 


sleep-wake schedule at 0700 after 24-h of sleep deprivation, 


showered initially elevated amounts af sleep. 
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E table L aMean sleep stages per trial Cin ming) for the 
‘ subjects in Experiment i investigated from 1700 ta £900 
i. : without prior sleep deprivation. 
“ AITENPTING SLEEF 
a Ss 1 2 3-4 REM total 
4 1 0.98 9.77 0.01 0.02 1.79 
2 O.57 1.52 Q.135 G.00 2.22 
3 1.30 1.86 9.00 0.08 3.25 
4 4 0.89 3.13 0.20 0.07 4.31 
w 5 1.33 3.07 0.13 0.94 4,61 
3 é £637 «1.90 9.08 0,00 4.47 
Ry | mean 1.07. 2.05 6.09 0.03 %.26 
“ ji sd O.31 0.92 0.07 O.08 iti 
“ : 
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REM periods appeared in all experimental conditions. In 


some subjects its appearance resembled the periodic REM- 
NOWREM cycle in uninterrupted sleep periods. The dynamics of 
REM sleep in the ultrashort sleep cycle schedule will be 


described in a separate publication. 
5.3.5 ‘Gates’ and "Forbidden Zones’ for sleep 


Although the average sleep histograms (Figs. 1, 2 and 3) 
give: the impression of @ gradual increase in the amount of 
nocturnal sleep, examination of the individual histograms 
revealed that the onset of the macturnal sleep period was 


abrupt, almost an ‘all or none’ phenomenon. 


These are exemplified in Figs. 4 and % which present 
individual histograms of a representative subject. As can be 
seen, the onset of the nocturnai sleep period was abrupt and 
occurred at approximately the same time in the two 


experimental conditions. 


lo investigate the stability of the timing of the onset 
of the nocturnal sleep episode, a sieep gate was defined in 
the following wayt the first trial after 1700 containing at 
least 5O% sleep of any stage, which was followed by at least 
Sout of 6 consecutive trials meeting the same criterion. 
Except for 2 subjects, one in experiment Lo and one in 


experiment 2, both in the RS condition, a distinct sleep gate 


was identified in this way for each of the rest of the 42 
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upétimental periods. Examples of clearly defined nocturinal 
sleep gates are demonstrated in Figs 4 and 5, which present 
individual histagrams. The timing of the gates was remarkably 
stable. Fig. 6 displays the relationship between the timing 
of the onset of the necturnal sleep period in the AS and in 
the RS conditions, in the three experiments; these varied 
from 2100 to 0400 and from 2100 to 04306, reapecti-ely. The 
mean onset times (48d) for the AS and KS conditions were O16 
+ 2h 15 min and 0056 + 2h 3O min, respectively, in experiment 
43 2330 4+ th SO min and 2358 + 2 min in experiment 2, and 
2312 + ih 36 min and 2306 + th 36 min in experiment 32. The 
differences between the mean onset times in each of the three 
experiments were not statistically significant. Twelve 
subjects shawed an earlier gate in the AS than in the kS 
condition, 7 subjects showed the reverse, and 2 subjects 
showed mo difference. The overall mean ditference (27.6 jai 
between the timing of the sleep gates im the two conditions 
only bordered on statistical significance (t=1.443, df= 193 
pr.id. 

The Fearson product women’ correlation coefficient 
between the onset, times of the sleep gates in the two 
conditions was U.L72 (t=4.553, df= 193; pt.of). Since there 
were no differences between the distributions of onset times 
inn the three experiments, the correlation was calculated from 


the pooled data. 
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The fact that there was a within-subject stability of 
the timing of the mocturnal sleep gate made it possible to 
examine the 24-h structure @f sleepiness adjusted to the 
individual sleep gate. To do so, wach of the sleep histograms 
was phase-addusted to the sleep gate, and then averagnad 
across all subjects in each experiment. This was done 
separately for the two experimental conditions (Fig. 7--9). 
The adjusted histograms anneateed some trends in the data 
which were just nmeticeable in the unadjusted data. First, 
adjusting to the sleep gate greatly emphasized the abruptness 
of the nocturnal sleep gate, and the nadir in sleepiness 
immediately preceding the gate. From trials i3 to 7 before 
the gate. or from 4 to 2 hours before the gate, subjects were 
unable to fall asleep when instructed to da so and could 
easily resist sleep when dngtructed to avoid sleep. © second 
sleepiness nadir, occurring 24 hours after the firsk ono, was 
evident in group 3, investigated for 26 hrs. 

In experiments 2 and : which began at O700 and 1100, the 
gate adjustment emphasized the secondary mid-afternoon 
sleepiness peaks occurring 7 hours + 40 min oefore the major 
nocturnal gleep gate. Ihe mid-afternoon peak im group tf, and 
the mid-afternoan peak during the second day in group %, were 
less clear although in both experiments there was at that 
Cime a tendency fer increased sleepiness, particularly in the 
RS condition. 


the mean histograms adjusted to the sleep gate ingiicate 
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that the mid-afternoon peaks were more pronounced im the RS 


than in the AS conditian. A repeated measures ANOVA C2 nu 3 x 
9) was performed to determine if this difference was 
reliable. The ANOVA was performed on the total amounts af 
sleep during the following time intervals: from trial 30 to 
trial 13 before the mecturnal sleep gate, in groups @ and 3, 
and from trial 42 to trial 59 after the gate in group 1. 
these intervals correspond to the clock time periad of 1300 
to 1800 which contained the midafternoum peak. As expected 
the ANOVA revealed a significant interaction between sleep 
condition and heur of testing (F=35.673 dfi=2,33 pr.oe). 
5.4 DISCUSSION 
Utilizing an ultrashort sleep-wake schedule has yielded 
detaiied description of the 24-h structure of sleepiness. 
Although the overall general pattern is similar to the 
sleepiness pattern obtained by a much Less frequent sampling 
procedure (Richardson et al. 19682), it contradicts the 
previous results by demonstrating that the onset of the 
neacturnal sleep es fod is abrupt, and not a gradual pracess 
aa suggested by Richardson ef al. ln fact, this is the first 
time that it was shown that the timing of the onset of the 
nocturnal sleep period in subjects exposed te the geophysical 
reitgebers is a stavle individual characteristic, occurring 
as oan Jalloer mone’ phoenomenon. Irrespectively of subjects’ 
lnatructions to resist sleep or to atrempt ta fall asleep, or 


of the Length of the sleep deprivation period, each eubdect 
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had his own 8leep gate occurring within the wide range af 
2100 to 9400 h. Over a two week period, the sleep qate for 
the same subject cecurred at approximately the same time, 
suggesting that it is a dominant feature of the entrained 
sleep-wake cycle. This standa in contrast to Richardson's et 
al conclusion that the nocturnal sleep tendency is a 
continuously varying smooth function. However, since they 
sampled sleep tendancy every 2 hours, they could not possibly 
detect the abrupt change in sleep tendency, as seen in the 
present © cudy. 

The present results also stand im contrast to the view 
that sleep time is less predictable than the time cf waking 
up (Winfree 1982), this assumption was based an the fact that 
the cecision when to go to sleep is more a matter af personal 
decision than wake-up time, Social obligations, studying for 
anext marning exan, or a fascination with a book may 
override the inclination to sleep. Sleep duration or wake-up 
time, on the ober lhand, was show to be mare closely related 


te the citcadian phase of care body temper ature (Creisler et 


2 


@l. 2780), and therefore considered to be more predictable. 
The present results jbleca ly show that for each individual 
there ds a speetfic sleep qate from which time on a sleep 
wake  ttrensition can be easily made. 

The finding that the gating of nocturnal sleep ia oa 
stable individeral characteristic also agrees wilt the 
enperrvenea gained in clinteal sleep Labor atorims., Tt is mort 
vncammon for sone posomotac patienta to find it sery 


ditfdeudet to fall asleey if they pass their preterted . 
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bedtime. Others, on the other hand, who suffer fram the 


phase-delay syndrome (Czeisler et al. i981) are unable to 
fall asleep before they reach their preferred bedtime in the 
early morning hours. 

Just before the sleep gate, in both experimental 
conditions, subjects showed a pronowiced decrease in sleep 
propensity. That is, at that time, subjects were unable to 
fall asleep when instructed toe do s0, and could masily avoid 
Sleep when requested to remain awake. The pre-gate sleepiness 
nadir was clearly evident in experiments 2 and 3 in spite of 
the progressive sleep deprivation. This was particularly 
impressive in experiment S$ in which there was «a second 
sleepiness madir 24 hrs after the first one, in spite of the 
accumulation of 48-hr of total sleep dene ioaeen plus 2O-h of 
partial sleep deprivation under the ultrashort sleep-wake 
schedule, These observations lead to the conclusion that fiueat 
before the sleep gate there is a ‘forbidden zone’ for sleep. 
hat de, at that time there iso a decreased Likelihood for 
Waking a wake-sleep transition. 

Ihe conemdusion that phe time period just tefore the 
sleep gate is indeed a ‘forbidden zone’ for sleep, is 
supported by a different observation from owe tLaboratary. tn 
a patient suffering from a hypernychtencral day (a sleep wake 
cyele Longer than 24 hes) whose sleep-wake cycle has been 
followed for more than 4 consececive years, there was a 
bimodel distribution of sleep onset times peabineg et wai 
GeO and abo around $700, dust befeare the onset of the 


nocturnal sleep gate, there was a pranguiced nadir io the 
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frequency of sleep onsets (at 21290-2300). This patient 
started a sleep period at 2300 only 6 times in 4 yeare, while 
he started a sleep period 9S times an hour Later, at midnight 
(paper submitted to press). Thus, it can be concluded that 
just before the nocturnal sleep gate, preceding it by 2-4 
hours, there is a ‘forbidden zone’ for sleep, during which 
sleap propensity reaches a madir. 

The structure of sleepiness observed in this study poses 
some difficulties to the theories attempting to medel slerap- 
wake behavior according to homeostatic principles. Ti e& most 
recent theory (Daan et al. 1984) suggested a model which 
combined homeostatic principles and a single circadian 
oscillator. They assumed that a sleep promoting substance S 
is built-up ducing active waking and decreases during sleep. 
Sleep onset is triggered when S approaches an upper threshold 
and waking occurs when S reaches a lower threshold. These 
thresholds are suggested to be controlled by a single 
circadian oscillator. ft is difficult to recencile the 
structure of sleepiness during the second half of the day as 
revoabed ja the present study with a linear, or an even 
erpoment sal accumibation of oa sleep promoting factor. 
Progressive acctmdation of Such a substance would prediet a 
parallel increase tn sleepiness until the sleep threehala 
level ig reached. Both the abruptness of the noctirnal sleep 
gate and the existence of a Cforbidden sone for steep jist 
before the gate are incompatible with such an assetunpt ton. 
AitLhough the Dean et al. os model allows for sho ter sleep: 
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therefore reduce the threshold for sleep, neither eleep 
deprivation, nor the soecific experimental demands of AS and 
RS affected the basic structure of sleepiness. the stability 
of the sleepiness structure under all experimental conditions 
implicate a clock lite rather than a homeostatic type of 
regulating mechanism. The case aint itty between the 
temporal structure of sleepiness under the AS and RS 
conditions supports the interpretation that the variations in 
Sleepiness are actively generated by a modulation of 
hypnogenic structures. Fossibly an ultradian oscillator 
interacting with a circadian mechanism might be involved in 
this regulation, although the possibility af two coupled 
Circadian oscillators cannot be excluded at this time. 
Actually, based cn a tCwo-oscillatars model Kernauer and 
Strogats demonstrated the existence of "forbidden zones" for 
sleep dim data of free runing subjects (Fer sonval 
cComminicabionm). 

lt as imtleresting to mote in this comtert that studies 
dnvestigating the @4 lr structure of the propensity to wake- 
up from sleep by a progressive displacement of sleep, 
revealed a Gitte pattern (Akerstedt and Gillberg 1901). 
Ihe wake up propensity was lowest between 1190 and L200) and 
monotonically ineareased from LOO until O20, Gub tec ti we 
reting of sleepiness tpot awaking from sleep tended to follow 
Uhis pattern. the diactepancy between the bb patterns of 
sheep oprapensity and wake cup propensity eepportea the 
Gonclustoan that sleep unget and wabe onset are governed alone 


different proincipebes (Wiirfrere Lee). , 
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Frevious studies linked variations in arousal to the 
24 b temperature cycle «eeisler et al. i980; Zulley and 
Schulz i980). Simce temperature measurements were nok taken 
in the present experiments, neither the ‘forbidden cone’ nor 
the ‘sleep gate’ could be correlated with variations in core 
temperature. But the accumulated literature on the 24h course 
of body temperature preclude a simple or direct slecpiness- 
temperatuce relationship. Feople wha are neither extreme 
morning, nor extreme evening types, like all our subjects, as 
determined by a two-week sleen log, generally reach their 
peak body temperature during late afternocon. Ihis time of 
deduced temperature peak coincided with the initial portion 


of the down trend of sleepiness in the present studies. The 


Ps. 


nadir in sleep propensity was delayed by % to F hours with 
respect to the deduced temperature peak, while the sleep gate 
wan delayed by abous & to B hauru. Thus, two diametrically 
opposite gates occur along the descending siope of the 
temperature curve, separated from each other by only 2 ta 4 
hours, Uhis makes the possibility that underlying changes in 
tie phase of the temperature curve are responsible ¢ar the 
oppasing gates whl dhel ys 

Noother anteresting finding emerging from the present 
studies is the lack of significant differences bekwees the 
amerunts of total sleep in the AS and in the RS conditions. 
fis: diooticates that when put in a sleup-inducing environment 
subjects cannot resist sleep, particularly when sleep 


deprived. This conebusion is not mew fn i’6o0, Uswald shormed 


that monotonirc stimulation would tnduce sleen inion ‘ 
etata * a are - ot sues oe bees Gee ay he ete a am r 4 3 “ . . on . : : 
Seat ie Sli a 


we 


Ss 


This conclusion is not new. In 1960 Oswald showed that 
monotonic stimulation would induce sleep in normal volunteers 
even if the monotonic stimuli were painful electric shocks. 
Hartee et al. (1962) reported that differences between the 
results of the multiple sleep latency test and a comparable 
srabecol of multiple sleep avoiding test which isa a 
comparable paradigm to the RS condition but with a sampling 
rate of once every 2 hrs) in normal subjects, disappear afte 
one might of sleep loss. 

There is no immediate explanation why the midafternoon 
Sleepiness peak was more pronounced in the RS condition. 
Fossibly dynamic inter action between the underlying 
variations in sleepiness and the specific experimental 
demands cesulted in somewhat different time related trends of 


Sleepiness, 


i Lon 
sabe wt 


three experiments which utiliced an ultrashort sleen- 


waking cycle were conducted to investigate the 24-h structure 


of sleepiness arter one night of sleep deprivation under two 
experimental conditions: tostructiog subjects ta attempt te 
fall asleep or instructiog subjects toa attempt to resist 
Sleep. Gis subjects ovarticipated in experiment Fg. At DP 
they started a fo min waking ~- O min steep attempt, or 6 min 
siaking o oomin resisting sleep, custib POO on the mest day. 

, 


Bight subjects were tested tr a similar vay in experiment oY, 


which started at ufod after a night of sleep deprivation and 


eye 


a et CCE ee Ce 


lagted for 24 fra. Eight subjects were stimilariy tested in 
euperiment S which started at £100 after a might of sleep 
deprivation and lasted for 26 brs untill 2300 an the mext day. 
The results showed that in spite of the significance 
between groups differences in total sleen, the temporal 
structure of sleepiness was very similar in the three 
experiments. In @ach there was 4 bimodal dtatritutiow af 
sleepiness: a major nocturnel sleepiness crest and a 
secondary midafternoon sleepiness oeak. These were separated 
by a ‘ferbidden sone’ for sleep centered at around 2000-2200, 
the onset of the tocturnal sleep period (the sleep gate! was 
found to be a dincrete event eccurring as an ‘ali or none’ 
phenomenon, Lts taming wes stable aver a two week period, ane 
independent of the specific experimental demands. there were 
no @fanicricant differences between the AGS and RS conditions 
With respect to total sleep time or any of the sleep stages. 
These cesults, which demonstrate structured variations 
in sleepiness across the nmychthemeron are discussed in bight 


of the recent modeling of sleep alomny homeostatic principles, 
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Fig.1s fean sleep histograms far the AS and RS conditions 
of experiment 1 (Ne6). Legends of sleep stages are 


given in the ton of the Figure. 


Fig. 2a Nean sleep histograms for the AS and RS conditions 
of experiment 2 (N=). Legends of sleep stages as in 


top af Fig. 1 


Fiqge cts Hean sleep histograms for the 49 and RS conditions 
of experiment 3 (N=8). Legends of sleep stages as in 


top of Fig. 1. 


Fig. 4: NY Sleep histogram of a representative subject from 
experiment Loin the FS condition demonstrating the 
eceurrence of the sleep gate (G6). Note the rhythmic 
accureence Of REM periods. Legends af sleep stages 


as in top of Fig. 1. 


Fig.Ss A Bleep histagram of a renoresentative subject from 
experiment 2 in the RS ecandition demonstrating the 
occurrence of the sleep gate (G). Legends of sleep 


stages as in ton of Fig. 1. 


Fig. ds Soatter diagram ef the timings of the sleep gate in 


the FE ane AS caonditiore. 
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Fig. 7a Gate adjusted sleep histograms for the RS and Ag 
conditions of experiment i. Legends of sleep stages 


as in Fig. i 


Fig. Gate adjusted sleep histograms for the RS and AS 
conditions of experiment 2. Legends of sleep stagqrms 


as im Fig. 1 


Fig. Ps Gate avjusted sleep histograms far the RS and "1S 
cenditions ' of experiment 3. Legends of sleep stages 


as in Fig. 1 
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